Effects of 3, 3'-dimethyl-4-methoxybenzophenone (NK-049) on the biosynthesis of photosynthetic pigments in higher plant leaves were studied under different light conditions and the following results were obtained: 1) NK-049 completely inhibited the accumulation of both chlorophylls and carotenoids under strong light to yield white seedlings, while an appreciable amount of chlorophylls and carotenoids were accumulated under weak light, which were decomposed rapidly on exposure of the pale green leaves to strong light. 2) Accumulation of protochlorophyllide and its photoconversion to chlorophyllide a in etiolated leaves were not influenced by NK-049, whereas the carotenoid accumulation was strongly inhibited in darkness as well as in the light. 3) Some intermediates involved in the biosynthesis of fl-carotene were accumulated in the dark-grown or dim light-grown seedlings. 4) It was concluded that NK-049 specifically inhibits the dehydrogenation process in carotene biosynthesis, which leads to the photodecomposition of chlorophylls under strong light to result in chlorosis.
INTRODUCTION
There are a group of herbicides which inhibit the pigment biosynthesis in higher plants, and cause chlorosis. Most of these chemiclas interfere with the biosynthesis of carotenoids and several intermediates have been found to be accumulated in the leaves treated with these chemicals. Lycopene was found in the leaves treated with CPTA[2-(4-chlorophenylthio)-triethylamine hydrochloride], 1) c-carotene was detected in the leaves treated with dichlormate-(3, 4-dichlorobenzyl methylcarbamate)," ccarotene and colorless polyenes were detected in the seedlings treated with amitrole(3-aminos-triazole) 2) and pyriclor(2, 3, 5-trichloro-4-pyridinol), 2 and recently, a great amount of phytoene was found in the leaves treated with Sandoz 6706[4-chloro-5-(dimethylamino)2-a, -a, c , (trifluro-m-tolyl)-3(2H)-pyridazinone]. 3, 4) In the present study, the effects of 3, 3'-dimethyl-4-methoxybenzophenone (NK-049) on the pigment formation in higher plant leaves were studied under various light and dark conditions in order to elucidate the mode of herbicidal action of this chemical. It was demonstrated that NK-049 inhibits specifically the biosynthesis of carotenes to yield structurally unstable chloroplasts, which finally results in the photodecomposition of all the pigments, chlorosis, on exposure to strong light.
NK-049 is a compound derived from an antibiotic, anisomycine produced by a special Streptomyces, 5 and has been shown in previous papers to induce chlorosis in various weeds. 6-This chemical may be produced for commercial use in future, as it acts excellently on barnyard grass in both paddy and upland fields.
MATERIALS AND METHODS 1. Preparation of Sample Leaves
Barnyard millet seeds (Echinochloa frumentacea Link) were germinated on seasand in a petri dish soaked with distilled water containing various concentrations of NK-049 solubilized homogeneously with one drop of Tween-80 surfactant (Nakarai Chemicals Co. , Japan) and less than 1% of ethanol, and grown for 6 days at 28C in an air-conditioned phytochamber in the light or in darkness. The light illumination was given as a 12-hour cycle from a 400-W metal halide lamp (Yoko lamp, Toshiba Electric Co., Japan).
The light intensity was varied between 20 and 3, 000 lux by covering the petri dish with a few layers of black net.
The 6-day old seedlings were harvested and the absorption spectrum of the intact first leaf was measured with a Shimadzu spectrophotometer model MPS-50L before the analysis of pigment composition.
Pigment Analysis
The 6-day old seedlings were harvested and a portion of the seedlings (50 plants, about 0. 5 g in fresh weight) were ground in a glass mortar with a pestal and extracted with 80% (v/v) acetone for three times. The concentrations of chlorophylls and protochlorophyllide in the crude extract were determined spectrophotometrically according to the methods of Arnon10 and Koski and Smith," respectively. Carotenoids were separated from the crude extract by the method of Davies.12 An aliquot of the crude extract was extracted with an equal volume of n-hexane in the presence of some water which yielded a complete separation of the n-hexane layer from the aqueous layer. This extraction was repeated for two times and the combined n-hexane extract was saponified with 30% methanolic KOH, washed with distilled water until the washing was no longer alkaline, and then, dried over anhydrous Na2-SO4. The carotenoid contents were determined spectrophotometrically with a Shimadzu spectrophotometer model UV-200, according to the method of Davies,12 assuming the extinction coefficient (Ei'm) for /3-and -carotenes and phytofluene in n-hexane to be 2505, 2270 and 1350 at 451, 400 and 348 nm, respectively.
Carotenoid composition of the n-hexane extract was analyzed by thin layer chromatography on a silica gel 60 prelayered plate (Merck Co.) with petroleum ether containing 10% benzene as a developing solvent. The Rf value for each component was determined with a Shimadzu chromatoscanner model SC-900 by means of visible or ultraviolet absorption. Each band was extracted separately with a small volume of n-hexane again and identified spectrometrically by comparing the wavelengths of absorption maxima with the reported values.l2) RESULTS Figure 1 summarizes the typical effect of NK-049 on the accumulation of photosynthetic pigments in the growing seedlings. As shown by curve C, when the treated seedlings were grown under a cyclic illumination at 800lux, the absorption spectrum of the intact leaves showed almost no peaks in the visible region, which indicated that the chemical gave rise to perfect chlorosis. When, on the other hand, the similarly treated seedlings were grown under illumination at a lower light intensity (20 lux), an appreciable amount of pigments were accumulated in the leaves to show an absorp- The absorption spectrum of the treated leaves thus obtained under dim light (curve B) was greatly different from that of the normal leaves grown at a higher light intensity of 3, 000 lux (curve A). The red maximum of the treated leaves was located at 676 nm with a very slight shoulder around 650 nm, while that of the normal leaves was found at 678 nm with a marked shoulder around 650 nm. This indicates that the content of chlorophyll b is much less in the treated leaves. A much more marked difference was found in blue region between 450-500 nm. The absorption spectrum of the normal leaves showed a broad maximum at 470 nm with a big shoulder around 490 urn, while that of the treated leaves showed a slight maximum at 470 nm with almost no shoulder around 490 urn. Since the maximum at 470 nm is due to the Solet band of chlorophyll b, the low 470 nm peak in the treated leaves is attributable to the low content of chlorophyll b, and since the big shoulder around 490 nm is due to one of the and normal leaves suggest that the biosynthesis of protochlorophyllide is not affected at all by the chemical. On brief illumination of these etiolated leaves, the protochlorophyllide was photoconverted to chlorophyllide a to be esterified consequently to form chlorophyll a. 13' This process is traced spectrophotometrically as dark transformation of chlorophyllide from 683-nm form to 672-nm form, and it was confirmed that the chemical did not affect this process at all. It was also confirmed by the result of Table 2 experiment, in which the contents of protochlorophyllide and its phtoconversion product, chlorophyllide a, derived after 1 min illumination in the etiolated leaves were determined. Contents of the both pigments showed respective constant values independent of the concentration of NK-049-admitted. These results indicate clearly that NK-049 specifically inhibits the biosynthesis of carotenoids but not the biosynthesis of protochlorophyllide and, accordingly, chlorophylls. Figure 3 shows the absorption spectra of carotenoid fraction extracted with n-hexane from normal and NK-049 treated leaves. As seen from curve A, the absorption spectrum of the extract from normal leaves shows three peaks at 477, 450 and 424 nm, which is almost identical with the absorption spectrum of (-carotene dissolved in n-hexane. The absorption spectrum of the carotenoid fraction obtained from the treated leaves was greatly different from that for the extract from normal leaves, showing 7 peaks at 450, 425, 400, 378, 367, 348 and 331 nm, as shown by curve B. This indicates that the carotenoid composition in the treated leaves is markedly different from that in the normal leaves. The composition of carotenes in the n-hexane extracts were analyzed by means of silica gel thin layer chromatography. As being expected from the absorption spectrum, the extract from normal leaves contained fl -carotene as a sole carotene, whereas the extract from the treated leaves contained one colored carotene and another colorless fluorescent carotene.
Absorption Spectra o f Intact Leaves

Carolenoid Analysis
The former colored carotene showed a lower R f value on the silica gel thin layer chromatogram as compared with that of fl-carotene and its absorption spectrum in n-hexane showed three peaks at 378, 400 and 425 nm, from which this carotene was identified as c-carotene. The other fluorescent carotene showed a medium Rf value between fl-carotene and c-carotene, and its solution showed three absorption peaks at 331, 348 and 367 nm. This UV-absorbing fluorescent substance was identified to be phytofluene from its R f value and absorption spectrum.
Contents of fl-carotene, c-carotene and phytofluene in the normal and treated leaves grown under varied light conditions are summarized in Table 3 . It is clearly demonstrated that c -carotene and phytofluene are accumulated in treated leaves instead of /3 carotene in normal leaves. These data suggest that NK-049 inhibits the dehydrogenation process involved in the /8-carotene biosynthesis in higher plants.
Photodecomposition of Chlorophylls in Treat-
ed Leaves As is presented in Table 1 , the NK-049 treated leaves accumulate an appreciable amount of chlorophylls when the treated seedlings were grown under illumination with dim light. Since the similarly treated leaves grown under strong light were completely white containing no chlorophylls, it is expected that the chlorophylls thus accumulated in treated leaves under dim light are easily decomposed by illumination with strong light. This photodecomposition process is demonstrated by the curves in Fig. 4 . On exposure of such treated leaves grown under dim light (120 lux) to strong light (3, 000 lux), the chlorophyll content decreased rapidly as shown by curve A. The decomposition proceeded rapidly during the first 2 hours of illumination to reduce the content of chlorophylls to be half the initial value, and then more slowly to be a stational level in 6-8 hours. Under weak light, however, the photodecomposition did not proceed at all as shown by the line B in the same figure.
The effect of N K-049 treatment on the normal greened seedlings was also examined. As shown by the curve in Fig. 5 , when the 6-day old seedlings were treated with NK-049 and then incubated in darkness, the chlorophyll content measured on fresh weight basis decreased gradually during the first 3 days and Table 3 Contents of /3-and -carotenes and phytofluene in NK-049 treated barnyard millet grown under different light conditions. * 20 lux, ** 3, 000lux. Fig. 4 Photodecomposition of chlorophylls.
6-day old barnyard millet grown with 50ppm NK-049 were exposed to strong and weak illumination at 3,OOOlux and 120ux, respectively.
3, 000 lux, 120ux. then more rapidly to reach about half the initial level in 8-10 days. This decrease, however, is not due to the action of NK-049 but is mostly due to the elongation of etiolated tissue, since the untreated control leaves showed a quite similar decrease.
These data indicate clearly that the chlorosis due to NK-049 requires photoreactions and that the chlorophylls once formed and stabilized in normal mature leaves are completely immune to the action of NK-049. This seems to be the most probable mode of herbicidal action of this chemical.
DISCUSSION
Beside this photodecomposition of chlorophylls in carotenoid less plastids, some structural disruption of the plastid membrane was observed in the leaves treated with amitrole, 31 dichlormate,32 pyriclor33 and Sandoz 6706, 34) We investigated the structure of plastids in the protoplasts prepared from NK-049 treated barnyard millet and found that most of the plastids in the treated leaves in the light were extremely swelled, whereas those in the dark were not much influenced. These observations suggest that NK-049 not only inhibits the carotenoid synthesis but also gives rise to some defects in the structure of plastids. This additional or secondary effect on the plastid structure by this chemical leads us to expect the formation of special chlorophyll form such as found by Inoue et al. 35 
